Protein X of Streptococcus agalactiae is a surface protein frequently associated with strains isolated from cases of mastitis of dairy cows. By immunizing cows with purified protein X, we obtained an antibody response which was restricted to X-bearing strains of S. agalactiae in a whole-cell enzyme-linked immunosorbent assay.
Streptococcus agalactiae is one of the main agents responsible for mastitis in cattle (16) and an important cause of human perinatal infections (20) . Protein X of S. agalactiae is a surface protein (18) useful in the typing of strains of bovine origin (12) . Epidemiological studies have identified protein X in a large proportion of strains isolated from cases of bovine mastitis (7, 10, 11) . Despite its high prevalence, few studies have dealt with this molecule, and information is not available concerning its role in the pathogenicity of mastitis and the immune protection it could induce.
In the present study, we used purified protein X (9) to investigate its immunogenicity in cows. The effect of immunization on the opsonic activity of serum was also measured in order to assess the immunological significance of protein X.
MATERIALS AND METHODS
Bacterial strains. Seventeen strains of S. agalactiae were used in this study either to assess the specificity of the antibody response of immunized cows or to evaluate the opsonic activity of sera (Table 1) . Strain 443.31 was used to produce protein X (9) . Before use, strains were subcultured in Todd-Hewitt broth (THB). Each strain was checked for purity on sheep blood agar plates, and Gram staining, catalase test, and grouping with sensitized latex (Slidex Strepto-Kit; Biomerieux, Marcy l'Etoile, France) were performed. Strains were serotyped by using specific rabbit antisera and bacterial extracts (8) and the technique of double diffusion in agarose gels (6) .
For use in phagocytosis assays, bacteria were grown overnight in THB. Two milliliters of this culture was inoculated in 8 ml of fresh THB and incubated at 37°C for 2 h. Bacteria were harvested by centrifugation at 1,500 x g for 15 min, washed once in Dulbecco's phosphate-buffered saline (PBS), and resuspended to the desired concentration in PBS supplemented with 0.1% gelatin (PBS-G).
Sera. Three lactating cows (numbered 560, 601, and 603) belonging to the experimental herd at our laboratory were used. None of them had previously had mastitis caused by S. agalactiae. They received two subcutaneous injections, 74 * Corresponding author. days apart, of 300 ,ug of purified protein X (9) emulsified in incomplete Freund adjuvant. A final dose of antigen (25 jig) was administered into two quarters of each cow through the teat canal 30 days after cessation of milking. Blood samples were collected immediately before the first injection and at intervals thereafter (Fig. 1) (14) . The plates were washed and incubated for 30 min at 37°C with 5% powdered skim milk in PBS (wt/vol) to reduce nonspecific adsorption of proteins. Following each incubation step, the plates were washed three times with PBS supplemented with 0.1% (vol/vol) Tween 20 (Sigma) (PBS-T). Reagents were diluted in PBS-T supplemented with 0.5% (wt/vol) gelatin (PBS-TG). The sequence of incubation steps was as follows: (i) appropriate dilution of the bovine serum being tested, (ii) rabbit antiserum to bovine immunoglobulin, (iii) peroxidase-conjugated goat antibody to rabbit immunoglobulin G (heavy and light chains) (Jackson Immunoresearch Laboratories, West Grove, Pa.), and (iv) 52 mM 2,2'-azino-di-(3-ethylbenzthiazoline-sulfonate) ( to the pool of IS which was arbitrarily assigned a titer of 10,000 U (2). Six dilutions of this serum were incorporated in each microtiter plate to establish its titration curve. The OD values given by the tested sera were referred to this curve to convert the ELISA readings into arbitrary units. In comparison, PCS had a titer of 10 arbitrary units.
To assess the specificity of the antibody response of the immunized cows, the microtiter plates were coated with a set of group B streptococci (GBS) strains of different serotypes (Table 1) .
CL assay. Bovine polymorphonuclear leukocytes (PMN) were isolated from the blood of a donor cow (4) and suspended in PBS-G. The chemiluminescence (CL) of phagocytosing PMN was measured as previously described (17) . Briefly, bacteria were opsonized for 15 min at 37°C with 2% heat-treated (at 56°C for 45 min) bovine serum with or without 5% PCS as a source of complement devoid of antibodies to GBS (15 
RESULTS
Before immunization, all of the three cows possessed low titers of antibodies to the strains of GBS bearing protein X (Fig. 1) . The first injection of protein X provoked an antibody response which peaked on day 35. The second injection gave rise to a more rapid and stronger elevation of antibody titers. The intramammary infusion acted as a booster (Fig. 1) .
The specificity of the antibody response of the cows was checked with a set of 12 streptococcal strains, 4 NT/X strains, 3 R-bearing strains, and 5 strains bearing different polysaccharide-type antigens. Overall, increases in antibody titers were restricted to strains bearing protein X (Fig. 2) , demonstrating that the antibody response was specific to protein X. A modest elevation of ELISA reactivity to R-bearing strains, including the R reference strain, was noted with cow 601 (Fig. 2) . The immunization (Fig. 3) . The addition of PCS to sera augmented the CL responses, suggesting that opsonization was dependent on both complement and antibodies. Similar results were obtained with strain 443.31 (results not shown).
The specificity of the opsonic activity of anti-X bovine serum was tested with a battery of seven strains that either did or did not possess protein X, opsonized with either immune (day 87 postimmunization) or nonimmune (preimmunization) sera of cow 560 (Table 2) . Increases in CL responses were obtained (P < 0.05) after immunization with the three X-bearing strains, but not with the three encapsulated strains devoid of protein X. The PMN CL response to the R reference strain was also augmented after immunization.
Ingestion of the NT/X strains 411.07 and 443.31 opsonized with bovine serum and PCS increased after immunization (P < 0.05; Table 3 ). Ingestion of the type II reference strain was unaffected. The proportion of ingested bacteria which were killed remained unchanged ( frequently carried by GBS isolated from bovine mastitis (7, 10, 11) , which singles it out as a potential protective antigen.
By using a purified preparation of protein X (9), we obtained in cows an immune response restricted to the strains bearing this antigen. Protein X behaved like a good immunogen. It gave rise to a secondary immune response, quicker and stronger than the first one. A further administration by the intramammary route during the dry period at a low dose (two 25-,ug doses) without adjuvant, also acted as a booster.
The use of whole bacteria in the ELISA demonstrated that at least some of the antibodies induced by immunization recognized protein X in its native form. The whole-cell ELISA detected not only antibodies against protein X but also naturally occurring antibodies directed to other surface antigens. Naturally acquired antibodies against GBS occur even in the absence of known contact of cows with this bacterial species (3), and they can opsonize efficiently most of the strains (15) . It is thus not surprising that preimmunization sera induced noticeable CL responses with the unencapsulated strains used in this study.
Immunization with protein X reinforced the efficiency of the opsonization of the NT/X strains. The best CL response necessitated the participation of complement. The results of the phagocytosis assay supported those obtained with the CL assay: ingestion was augmented in the presence of anti-protein X serum. At the rather low concentrations of serum used in the present study, some encapsulated strains resisted phagocytosis. The efficacy of opsonization of these strains was unaffected by immunization. In contrast, the two NT/X strains were better opsonized by the anti-protein X serum. The II/X strain used in this experiment stimulated less CL than the two NT/X strains, even when opsonized with immune serum, which means that it better resisted phagocytosis. Possibly this resulted from the presence of the type II polysaccharide capsule. Strain variation in the opsonization requirements of type II GBS, which has been reported previously (1), appears to be the result of a complex interplay of multiple surface antigens (13) . Another possible contributing factor is that this II/X strain might have expressed low amounts of surface protein X and could have been consequently less affected by antibodies resulting from immunization than was strain 443.31, which produces large amounts of this protein (9) .
The opsonization of the R reference strain was also improved following immunization. A serological cross-reaction between the X and R reference strains has been reported (12) . One of the three cows used in the present study showed a modest elevation of antibodies to R strains, including the R reference strain. Assuming that the preparation of protein X we used in this study did not induce antibodies against another antigen of the strain 443.31, we are led to hypothesize that the R reference strain bears on its surface an antigen which has a partial identity with a determinant of protein X. This antigen could be protein R. Since four molecular species of protein R have been described (19) , an epitope shared with protein X may exist on one of the R-bearing strains but not on all of them. Unfortunately, a typing for protein R specifically was not done in our study. Alternatively, the crossed immunological reaction could be due to a molecule unrelated to protein R.
Our results indicate that antibodies against protein X were opsonic, but this statement must be qualified. First, their efficiency remains to be specified by using a greater number of X-bearing strains of different serotypes. Second, opsonization with immune serum did not improve the intracellular killing of the two NT/X strains (Table 3) . Overall, the number of living bacteria was reduced by a factor of 3 to 5.5, as a result of the improvement in ingestion ( (Table 3) , which supports a contribution of antibodies against protein X to the stimulation of phagocytes. The necessary further studies would be much facilitated by using affinity-purified bovine anti-X protein antibodies, which would enable us to get rid of the naturally acquired opsonins present in whole serum.
In conclusion, we have shown that the antibody response to protein X of S. agalactiae improved the opsonic efficiency of serum. This indicates that this protein may have more than taxonomic significance and is probably an important immunological antigen of mastitis-causing S. agalactiae. This prompts further studies to evaluate the opsonic activity of antibodies to protein X and the significance of the protein X for the prevention of bovine mastitis.
